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The kinetic mixing of the vector boson of hypercharge with the vector boson(s) associated with 
particle sectors beyond the Standard Model is one of the best motivated windows to new physics. 
The resulting phenomenology depends on whether the new vector boson is massive or massless. 
The phenomenology associated with the massive phase has received considerable attention in recent 
years with many theoretical explorations and new experimental efforts, while the massless phase is 
linked to the phenomenology of milli-charged particles. In this paper we introduce the more general 
case where the kinetic mixing is with a vector boson that is a linear combination of both a massive 
and a massless state (as hypercharge is in the Standard Model). We demonstrate that the general 
phase is only weakly constrained when the mass scale associated with it is above about 100 MeV. 
Finally, we show that a new dedicated experiment at the LHC, proposed recently in Ref. [Tj, can 
explore large parts of the parameter space in the mass range between 100 MeV and 100 GeV. In 
particular, it is uniquely sensitive to a new signature that only arises in the general phase. 


I. INTRODUCTION 

The existence of dark matter (DM) and the lessons 
from grand unified theories and string theory phe¬ 
nomenology suggest the presence of additional particle 
sector(s) beyond the Standard Model (SM). Such a sec¬ 
tor, call it a dark sector (DS), may contain new matter 
and new short- and long-ranged forces, similar to those 
found in the SM. However, unless this DS interacts with 
our world in some way, this possibility would forever 
remain outside the purview of science. Quantum field 
theory guarantees that we interact with the DS through 
gravity [2], but that force is unfortunately too weak and 
too universal to illuminate the detailed structure of the 
DS. 

While it cannot provide us with assurances for addi¬ 
tional interactions beyond gravity, quantum field theory 
does provide strong indications for the type of interac¬ 
tions we can hope for at accessible energy scales, namely 
marginal operators. One of the best motivated marginal 
operators connecting us with the DS is the kinetic mixing 
operator between our hypercharge held and an abelian 
vector held in the DS, 

C = Csm + Cds-^B'^B^ . 

Here £sm and £ds are the Lagrangians describing the 
particle content of the SM and the DS respectively, while 
and B' are the held-strength of our hypercharge 
and the dark abelian vector held. The observable ef¬ 
fects of the kinetic mixing operator depend on whether 
the dark vector held is massive or not. This in turn 
depends on the symmetry breaking pattern in the DS, 
which therefore leads to several distinct phases of the 
theory. 

In the hrst phase, which we will refer to as the Okun 
phase since it was hrst discussed by Okun in Ref. [5], 


the dark vector held B' is massive. This phase is pri¬ 
marily characterized by the appearance of a massive vec¬ 
tor boson with a coupling to the electromagnetic current 
suppressed by k. The dark vector boson can thus be 
produced in electromagnetic processes and it can decay 
either into electrically charged SM matter or into matter 
in the DS. This phase of the theory has attracted renewed 
attention in recent years in connection with the dark 
matter problem @H9, which prompted numerous sugges¬ 
tions for new experiments and new searches devised to 
explore the parameter space associated with the Okun- 
pliase. These include new searches at high-energy collid¬ 
ers !M3; new explorations at low-energy colliders looking 
for visible decays [101 - 123] with several more expected to 
run in the next few years [21H25] : searches for invisible 
decays of the dark vector ITTTTiTTTTl ; precision tests maim; 
and effects in direct-detection experiments P H5HIS] . 

In the second phase, which we will refer to as the 
Holdom phase 05], the dark vector field is massless. The 
principal physical effect associated with this phase is 
the appearance of milli-charged particles (mCPs). Any 
matter in the dark sector that couples to B' now ap¬ 
pears as a charged particle under electromagnetism with 
a charge proportional to n, the kinetic mixing param¬ 
eter 1 . The existence of rnCPs is constrained by a va¬ 
riety of observations including direct searches from ac¬ 
celerator experiments [501153] and indirect observations 
from astrophysical systems ix Trim . the cosmic mi¬ 
crowave background m [58] . big-bang nucleosynthesis 
[55] . and universe over-closure bounds [51]. In a recent 
paper Q] we proposed a new experiment at the LHC 


1 The word “milli-” in this general context is somewhat imprecise 
since in general k , may be much smaller than 10 —3 . Nevertheless, 
we will continue to refer to it as such since this value is physically 
motivated and lies within reach of the new experiments discussed 
in this paper. 



with the potential of targeting the relatively unexplored 
part of the parameter space of mCPs with masses in the 
100 MeV — 100 GeV range. Below we use the experi¬ 
mental proposal of Ref. [T] as the basis for our projected 
sensitivity. 

In this paper we identify a third phase, which we re¬ 
fer to as the mixed phase, where the dark boson B'^ is 
in fact a linear combination of a massless state and a 
massive state. This is the analogue of hypercharge in the 
SM, which is a linear combination of the massless photon 
and the massive Z boson. This third phase, being a mix¬ 
ture of the Okun and Holdom phases described above, 
is distinguished by the existence of a massive dark boson 
that can be produced directly through its coupling to the 
electromagnetic current, as well as by the appearance of 
mCPs. Thus, whereas in the Okun phase the decay of 
the dark boson into matter in the DS would simply con¬ 
stitute missing energy, in this third phase such decays 
would result in a pair of mCPs. This opens up a new 
production channel for mCPs beyond their direct pro¬ 
duction through the photon. A large part of this paper 
is devoted to a study of this new production channel in 
the context of the proposal of Ref. pQ for a new experi¬ 
ment at the LHC to search for mCPs. 

This third phase is subject to the same constraints 
as do the Okun and Holdom phases. In particular, the 
strong constraints on mCPs with masses below a few hun¬ 
dred MeVs are still applicable in this case, and so are 
the constraints on re associated with an extra massive 
dark boson below a few hundred MeV that couples to 
the electromagnetic current. Indeed, it is precisely these 
constraints that force re to be extremely small (re < 10~ 8 ) 
in the case of “mirror-world” scenarios where the lightest 
charged matter is the mirror-electron having the same 
mass as the SM electron 2 [62] [53] - But the theoreti¬ 
cal straightjacket associated with mirror-world scenarios 
seem ill-imposed: as we have learned from Twin Higgs 
theories [641 - 166] and more recently from the generalized 
framework of Orbifold Higgs EZj, the mirroring of the 
gauge groups of the SM may be well-motivated without 
requiring a corresponding mirroring of the matter sector. 
Thus, in what follows we focus on the relatively uncon¬ 
strained part of parameter space where both the massive 
dark boson and the mCPs have masses in the range of a 
few hundred MeVs to a few hundred GeVs, which permits 
a sizeable kinetic mixing parameter re ~ 10 -3 — 10 -2 . 

The remaining of this article proceeds as follows. First 
we present the model, an extension of the SM that in¬ 
cludes a dark sector, and the kinetic mixing portal con¬ 
necting the two in Sec. [TTJ Next, in Sec. m we review 
existing constraints on the parameter space of this frame¬ 


2 This remains true even in asymmetric mirror-world scenarios 
with scales larger by a factor of 20-30 f 60l 1611 . 


work. We discuss future prospects for probing the third 


phase of the model in Sec. IV 


II. MODEL 


In this section we describe the model and derive the rel¬ 
evant mass eigenstates associated with the vector bosons 
and their interactions with the different SM and DS cur¬ 
rents. 


A. Mass eigenstates 


Besides the gauge field associated with hypercharge 
B the SM also contains the gauge fields associated with 
the non-abelian group SU( 2), namely W aM with a = 
1,2,3. The gauge couplings are g± and <72 correspond¬ 
ing to hypercharge and SU(2), respectively. The spon¬ 
taneous symmetry breaking associated with the Higgs 
boson results in the following mass eigenstates 

Zi = c w W 3 -s w B (1) 

4i = s w W 3 + c w B (2) 

where we suppressed the spacetime index on all fields 
for clarity, and defined (at tree-level) s w = sin(9 w = 

gi/\/gl+9l, c w = cos6» w = Wl/ffi +fff, with d w be¬ 
ing the Weinberg angle. In the SM what we labeled as 
Z\ is simply the .Z-boson and A\ is the photon. For now 
we keep the subscripts since, as we show below, the ac¬ 
tual mass eigenstates in this theory are slightly different 
owing to the kinetic mixing in Eq. 0. The vector field 
Z f has a mass term ^M^Z^Z i M , where the mass is re¬ 
lated to the charged vector-boson mass through the usual 
relation M, = M ,/ cos . 

Since we are interested in obtaining a similar structure 
in the DS, in what follows we will assume that in addition 
to the abelian gauge symmetry associated with the dark 
boson B[, there is at least one additional abelian or non- 

P 

abelian group in the DS, with a gauge field W' (whether 
it is part of a non-abelian group and carries another index 
as W 3l j, does is irrelevant at this stage, and so we suppress 
this extra potential index). We denote the DS gauge 
couplings by g[ and g' 2 , corresponding to the B' and 
W 1 gauge fields, respectively. We will further assume 
that spontaneous symmetry breaking in the DS leaves 
some linear combination of B' and W', massless while 

P # P 

endowing the orthogonal linear combination with mass, 

^2 = c w ,W'-s w ,B' (3) 

4 2 = s w ,W' + c w ,B' (4) 

This is the analogue to the SM combinations, and sim¬ 
ilarly we have s w , = sin0 w , = g[/ vVi 2 + g ' 2 2 , and 
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C w , = cos 0 W , = g' 2 /\/g?+g'£, with 9 w , being an ana¬ 
logue to the Weinberg angle in the SM. Here the vector 
field Z% has a mass term ^M 2 Z^Z 2 ^. 

In terms of these states, the kinetic mixing term can 
be written as, 

k.B i1v B' iiv = k cc A\A 2 + k ss Z\Z 2 — k sc Z\A 2 — k cs A\Z 2 

(5) 


(here again we suppress the spacetime index on the right- 
hand side for clarity). We defined the coefficients n cc = 
kc w c w ,, « cs = kc w s w , and so on. One can remove the 
mixing exactly, but since we are interested in small k we 
do so only up to terms second order in k with a series 
of field redefinitions. We begin by removing the mixing 
between Ai and Z 2 as well as A 2 and Z\ through the 
simultaneous substitutions 


A\ —> A\ + k cs Z 2 ( 6 ) 

A 2 —> A 2 + k sc Z\. (7) 

Here we mean that the right-hand side should be substi¬ 
tuted for the left-hand side everywhere in the Lagrangian. 
This results in mixing between Ai <2 and Z 1 . 2 , which can 
be removed by 

A\ A\ — k sc k cc Zi (8) 

A 2 —y A‘2 -)- 

l^cs^cc ^2 (9) 


These transformations also induce a change in the coeffi¬ 
cients of the kinetic terms for Z\ , and Z 2 which are now 
multiplied by (1 — k 2 c ) and (1 — k 2 s ), respectively (work¬ 
ing to quadratic order in k ). These can be removed with 
the field redefinition, 


Z\ — 
Z 2 —>■ 


1 7, 2 

V 1 ^ 


( 10 ) 

( 11 ) 


Up to terms of order k 3 , which we neglect, the La¬ 
grangian now only contains mixing between A\ and A 2 
as well as mixing between Z\ and Z 2 . The kinetic mixing 
between the massless states can be removed by a choice 
of basis as, 

A 2 ->■ Al - k cc A (12) 

Hi -> A. (13) 


This final substitution chooses A to be what we would 
call the photon, whereas A! is the other massless state. 
The kinetic mixing between the massive states can be 
removed through the symmetric substitution, 


75(^1 + ^) 

z 2 —> (—Zi + Z 2 ) 


(14) 

(15) 


With these substitutions all the kinetic mixing terms are 
removed to the order we are working in, and a final re¬ 
scaling is necessary to end with canonical normalization 
for the fields, 


A -y 

Zi ->■ 

z 2 —>■ 


V 1 ~ K l 

1 

\/l Ks& 
1 

\/l + Ks& 


.A 

Z-! 

Z 2 


(16) 

(17) 

(18) 


The field redefinitions above result in mass mixing be¬ 
tween Z\ and Z 2 . The mass matrix associated with the 
massive states is now given by, 


1 ( Mil Mi 2 \ 

2 \ M 2 i M 2 2 J 


(19) 


where the different entries are 


Mu 

Mi 2 

M 2 2 


(1 + k ss ) (M 2 + M 2 ) 

K 2 \m 2 s 2 + M 2 s 2 

(20) 

M 2 i = (M 2 - M 2 ) 

(21) 

K 2 \m 2 fl - 1 s 2 ) s 2 -M 2 ( 

L — Is 2 ) s 2 

1 y 2 w' / w 2 V 

2 w / w 7 

(1 - Kss ) (M 2 + M 2 ) 
k 2 \M 2 sl + M 2 s 2 , 

1 W 2 \y/ 

(22) 


up to terms of order k 3 . This mass matrix can be di¬ 
agonalized in perturbation theory in n to yield the final 
mass eigenvalues, 


M 2 = M 2 

Z 1 


1 + K 


V 


M 2 -M 2 c 2 \ 

1 _ 2 w / j 

M 2 - M 2 ) 


M 2 = M 2 

Z' 2 


^1 + K?S 


2 

w' 


M 2 -M 2 c 2 \ 
M 2 - M 2 J 


(23) 

(24) 


with M, = M , /c,„. The order re 2 shift in the Z-boson 
mass represents a general and important constraint on 
this model as we shall discuss below [ 68 ). The corre¬ 
sponding mass eigenstates given in terms of the Zi and 
Z 2 states are, 


( z \ _ ( cos 0 -sin <j>\ / 73 73 

\Z' ) l sin </> cosj, J M 


with the mixing angle given by 



(25) 


sin </> 


cos </> 


! M 2 + M 2 

2 K ° s M 2 _ M 2 

1(, M 2 + M 2 \ 2 

1 ~ 2\ 2Kss M 2 - M 2 ) 

\ 1 2 / 


(26) 

(27) 
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to leading order in k. This completes the diagonalization 
and results in two massive states Z and Z ', as well as 
two massless states A and A'. We now move on to the 
interactions of these vector bosons with the different SM 
and DS currents. 


B. Interactions 


We write the interactions in the original gauge basis as 
follows, 


£ 3 9l B^ + g 2 W 3fl J^ + + g’ 2 W^Jl (28) 


Here and J!t are the familiar U Y ( 1) and SU W {2 ) cur¬ 
rents of the SM containing leptons and quarks, whereas 
and J IJ , are the corresponding currents in the DS, to 
whose content we return to later. The usual electromag¬ 
netic current and Z current are the linear combinations, 


with 


£ 

6 


12 2 
kK S 
2 w 


l - 


mV 




' M 2 — M 2 c 2 \ 

1 2 w' | 


M 2 - M 2 


^ ZE' 
^ZZ' 


( M 1 \ 

Kss V M 2 - M 2 ) ' 
' 1 2 / 


(33) 

(34) 

(35) 

(36) 


Here, since we are only working to order k 2 one can re¬ 
place M, and M 2 by the physical masses M z and M , Z. 
The interactions in Eq. (32) again have a fairly straight¬ 
forward interpretation: the first line shows that the stan¬ 
dard Z coupling is rescaled by l + £ zz and the current re¬ 
ceives a contribution of order k 2 from the electromagnetic 
current. This would effect forward-backward observables 
and other observables at the Z pole. The second line of 
Eq. (321 shows that the Z now also couples to the DS cur¬ 
rents at order k. Thus, Z rare decays would contribute 
to the production of rnCPs. 


4m — 4 "ff V (29) 

4 = -44+44 (30) 


and similarly for the DS currents. 

After removing the kinetic mixing through the field 
redefinitions above and rotating to the mass basis, the 
different mass eigenstates couple as follows. Our photon 
couples as, 




e (l + 2 K cc) 4m KecC J B 


(31) 


Next are the DS vector bosons. Due to the choice of 
basis we made in Eq. (12) the massless state A! entirely 
decouples from the standard model with interactions only 
with the mCPs, 


C D e!A! • J EM/ , (37) 

where e' = g'\C Therefore, the massless dark photon 
is essentially decoupled from the SM, but it does poten¬ 
tially play a role in the relic abundance of the mCPs 
(see below). It may also be of importance in enhanced 
radiation effects in the DS if e! is sizable. 

Finally, the interactions of the massive state Z' are, 


where e = <?ic w is the usual definition of the electro¬ 
magnetic coupling. Here we suppressed the spacetime 
indices on the gauge field and the currents, as we do 
below as well. These interactions of the photon have a 
simple interpretation: other than a rescaling of what we 
call electric charge by 1+ \k 2 c , the photon now also cou¬ 
ples to the DS’s charged particles with an effective elec¬ 
tromagnetic charge of K cc e r - hence, milli-charge. This 
corresponds to the appearance of mCPs expected in the 
Holdom phase, which is associated with the existence of 
the second massless state, A'. 

Next, what we know as the Z-boson now couples as, 


C D Z- 


92 

cos 0 W 


(i + 4z)4 




ZE 4m 


c d z'- 


92 


cos 6 > 


(l "T ^Z'Z') 4 C £z'e' 4m' 


+ e WkM + J S Q 4z 


(38) 


with 


^>z' z' 

^>Z' E' 
^Z' E 
^>Z' Z 


1 ^ 2^2 


1 - 


M A sl, 


(■ 


K, C ,S , 
w' w' 


w ' ^ M 2 - M 2 


M 2 


M 2 - M 2 


(39) 

(40) 

(41) 

(42) 


+e'C 


■’ 4 /T ' 


92 


cos (). 


( 77 ' *4,/ 


(32) The second line of Eq. (381 is the mixing of the massive 


Z' state with the SM, familiar from the Okun phase of 
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the theory. If there are light charged particles in the 
DS to which the Z' can decay to, then the first line of 
Eq. (381 is more important in our case as it would result 
in the production of rnCPs through Z' decay. Since we 
are not sensitive to subdominant effects, we can neglect 
the n 2 terms in the coupling of Z' to rnCPs, which is then 
simply 


C D 


92 
cos O' 

W 




■ Z' 


(43) 


III. EXISTING CONSTRAINTS 


We now turn our discussion to the existing constraints 
on the model presented in Sec. [TT] The free parameters of 
the model are the mass and dark-charge of the lightest 3 
mCP, M mC p and e 7 , respectively; the massive dark boson 
mass M ,; the dark Weinberg angle Ow '; and the kinetic 
mixing parameter n. For clarity, below we discuss sepa¬ 
rately the known constraints on the pure Holdom phase 
(Ow = 0) and on the pure Okun phase ( 0 W > = tt/2). The 
experimental bounds associated with these two limiting 
cases become more or less relevant in the general mixed 
phase depending on how close Ow' is to 0 or 7r/2. 

In the Holdom phase the constraints come from previ¬ 
ous searches for rnCPs and therefore probe the parameter 
space spanned by the mass of the mCP, M m cp, and its 
electric charge given by, 

e^e = Ke'c w c w , . (44) 

Here we have defined the fractional charge in units of 
the electron’s charge e. 

On the other hand, in the Okun phase, the constrained 
parameter space is spanned by the mass of the dark- 
boson M z , and its coupling to the SM. This coupling, 
at least in the limit M z , -C M z , is simply given by, 

e z e = Kec w s w , (45) 


where we have defined the fractional Weak charge ez in 
units of e. For the mixed phase, laboratory probes will 
depend on the product of e ez, as we will discuss be¬ 
low. One exception comes from electroweak precision 
tests which are primarily sensitive to the combination 
k sin 0\y and depend only mildly on M , in the limit of 
M <C M z (see Eq. 23). 


! We focus on the lightest mCP because, unless there exist heav¬ 
ier mCPs with far larger dark-charges, the lightest mCP would 
be the one particle primarily produced and hence dominate the 
constraints. 


A. Constraints on the Holdom Phase 


Existing constraints on mCPs can be categorized as 
either coming from indirect probes (cosmology and as¬ 
trophysics) or from direct searches at laboratory experi¬ 
ments. The former tend to be considerably more model- 
dependent than the latter, and can be weakened through 
additional matter in the DS which mCPs can annihilate 
into. In the range of couplings that this article focuses on, 
the mCP particles can be copiously produced in the early 
Universe. However, as the Universe evolves, the density 
of mCPs is depleted through pair annihilation in the DS. 
This process can give a large enough rate to avoid the dif¬ 
ferent bounds on the relic abundance of the mCP ISH [SU¬ 
ES]. Another indirect constraint comes from the number 
of relativistic degrees of freedom, known as N e g, how¬ 
ever since the dark massless photon decouples together 
with the mCP it will be much colder than the rest of 
the SM after entropy injection at later times. Moreover, 
the contribution to N e g scales like the fourth power of 
the temperature, therefore this contribution is negligible 
when decoupling happens above a GeV or so j59j [69] [7Q]. 

Laboratory experiments place direct limits on mCPs 
for 10“ 5 < < 10 _1 below about M m cp < 300 GeV. 

These are the result of a dedicated experiment that 
searched for mCPs at SLAC [50! > accelerator experiments 
consisting of searches at beam-dump experiments, free- 
quark searches, trident process searches, bounds from the 
invisible width of the Z as well as direct searches for 
fractionally-charged particles at LEP [51]; and decays 
of ortho-positronium [52]. Recently, CMS performed a 
search that excluded fractionally charged particles with 
charge ±e/3 for M m cp < 140 GeV and particles with 
charge ±2e/3 for M m cp <310 GeV [53]. The least ex¬ 
plored part of the parameter space is mCPs in the range 
100 MeV < M m cp < 200 GeV, where e i < 10“ 1 is only 
barely explored. This target of opportunity motivated 
the proposal in Ref. |T|, which we summarize in Sec. 

Finally, we note that there exist strong constraints on 
the flux of mCPs and on their presence in bulk matter 
(see ref. EO for a detailed review). For example, in a re¬ 
cent publication m , the CDMS collaboration reported 
on strong new limits on the flux of mCPs with charge 
between e/200 and e/6. However, such constraints can¬ 
not be directly applied to the model parameters since 
they require knowledge of the flux of mCPs on earth, 
which may be very small production in cosmic rays 
is negligible and relics from the early universe may be 
absent altogether either because of washout or because 
they were expelled by the magnetic fields of the galaxy. 
Thus it is challenging to interpret the null results coming 
from these experiments in the context of the theory we 
discuss. 


IV 
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B. Constraints on the Okun Phase 


M z - 3M m cp, 9w- Ow 


The Okun phase has been explored by numerous previ¬ 
ous experiments, motivated by the case when some mat¬ 
ter component in the DS is the dark matter 4 of the Uni¬ 
verse [TM251I50H571175] . One must make a distinction 
between searches for visible decays of the Z' into SM 
particles, and searches for invisible decays into the DS. 
The former rely on the assumption that the Z' decays 
100% into the SM, but in the presence of matter in the 
DS with 0(1) couplings to the Z', the decays of the latter 
into the SM are sub-dominant. The various experimen¬ 
tal results we discuss below will primarily constrain the 
production strength of the Z ', which we parametrize by 
e z e. 


Visible searches have constrained the Okun phase pri¬ 
marily by looking for production of the Z' and its 
subsequent decay into dilepton pairs £ + £~. These be¬ 
come relevant in the case when decays into the DS are 
kinematically forbidden. For e z near 10 -3 , previous 
beam dump experiments place the strongest limits for 
2 m e < M z , < 100 MeV, with planned fixed-target exper¬ 
iments expected to extend coverage to smaller couplings 
for M z , < 500 MeV (see Ref. [57] for an exhaustive re¬ 
view of prospects for future probes). For masses above 
M z , ~ 1 GeV, B-factories become important and have 
placed the strongest limits to date through searches for 
the e + e~ —► X + ( Z' —* £ + £~) final state. Moreover, 
searches at the LHC for dilepton resonances prove an 
effective probe for M , below the Z-mass Im¬ 


precision electroweak tests further restrict the parame¬ 
ter space for higher mass z' [SUET] and are independent 
of the way in which the Z' decays. In particular, the 
shift in the mass of the Z boson due to mixing with the 
Z', Eq. (231 above, places a limit on k of n < 10 -2 for 
masses below the Z mass. At the Z- pole, the bound on 
k improves to ~ 10 -3 due to the constraints on the mod¬ 
ifications of the Z-coupling to SM fermions induced by 
the Z'. 


In the regime where M z , is sufficiently large to allow 
for a direct decay back to DS particles, these invisible 
decays of the Z' into the DS dominate for the k of in¬ 
terest to this paper, and the above limits from visible 
searches become irrelevant as the decays of the Z' into 
the SM are further suppressed by k 2 . Proton and electron 
beam-dump experiments have established the strongest 
limits to date for invisibly-decaying Z' below a few hun¬ 


4 In the model presented here, however, only matter in the DS that 
is charged under the 77 , but not under the A' (the analogue of 
neutrinos) can potentially be the DM, see more in sectionjv] This 
is so because DS matter that is charged under the A! becomes 
millicharged and there exist strong constraints on electrically- 
charged relics mm- 



FIG. 1: Production cross section of mCPs at the LHC through 
the reaction pp —¥ ipmCPipmCP + X with Mz> = 3M m cp and 
0 W , = 0w The production of mCPs receives contributions 
from Drell-Yan like production, as well as from the decay 
of quarkonia. We impose a cut Vf^, inCp ^ mCp > 2 GeV to 
make sure we are in a physical region of the parton distribu¬ 
tion functions. We conservatively fix the cross-section below 
M mC p < 1 GeV. 


dred MeV and mixings near 10 -3 . Moreover, for masses 
outside the reach of fixed-target experiments, the Z' is 
best constrained by B-factories experiments through a 
7 +invisible final state search [Ml EZE]. 

By far the least explored part of the parameter space 
of our model is in the M , > 100 MeV, e z ~ 10~ 3 regime. 
Recent proposals to target the sub-GeV—few-GeV part 
of this parameter space could sharply test the minimal 
models of light DM in the Okun phase [40, 43] I78U8T] . 
however a vast window into the other phases of the DS 
will remain untested by existing or planned experimen¬ 
tal efforts. We now turn our discussion to a potentially 
powerful new probe of a new signature that only arises 
in the mixed phase of the model in Sec. [TT] 


IV. PROBING THE MIXED PHASE AT THE 
LHC 


In this section we discuss a new signature of the DS 
absent in the Holdom and Okun phases — that only 
emerges in the mixed phase, and we show that a recent 
proposal for a new experiment at the LHC is uniquely 
suited to look for this signature. The LHC is an obvi¬ 
ous choice for probing the mz' > 1 GeV regime through 
Z' decays into the mCP, as the Z' could be copiously 
produced via processes analogous to the production of 
SM EW bosons. In particular, in the pp -A- (Z' -A 
V’mCpV’mCp) + A reaction, the mCPs would register as 
missing energy at either ATLAS and CMS. However, the 
sensitivity of jet/photon and missing energy searches to 
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this reaction is severely limited by large irreducible back¬ 
grounds from Z —> P^+jets and from instrumental back¬ 
grounds from mis-measured jets PQ. The proposal from 
Ref. pQ focused on the production and detection of rnCPs, 
using the Holdom phase as a simple framework for gener¬ 
ating non-quantized electromagnetic charges for beyond 
the SM matter. In fact, the LHC could also be a fac¬ 
tory of mCPs originating from resonant-production of the 
massive Z'. The production of mCPs through the decay 
of the Z' is a process unique to the mixed phase of the DS, 
and to our knowledge has not been considered before in 
the literature. Fig.[I]shows the sizeable inclusive produc¬ 
tion cross section for the process pp —> V’mCpV’mCP at the 
y/s = 14 TeV LHC, which we calculate with Madgraph 5 
[BUj and MADONIA j^] - the latter for mCPs from resonant 
production and decay of quarkonia. 

In what follows we summarize the details of the pro¬ 
posal from Ref. [L| to look for minimally ionizing mCPs 
produced at either of the LHC interaction points by plac¬ 
ing a small-scale detector in their vicinity. Following 
production at the interaction point (IP), mCPs would 
escape and travel unimpeded through rock. Ref. QQ pro¬ 
posed placing a ~ lm 3 detector some ~ 20 m away from 
the IP and outside of ATLAS or CMS pointing the small 
detector towards the IP. An example of the kind of de¬ 
tector needed to efficiently search for mCPs with electric 
charges much smaller than e was that used by the dedi¬ 
cated milli-charge experiment at SLAC m- It consisted 
of a (plastic) scintillator in a quiet environment, whose 
purpose was to detect minimally ionizing signals. Indeed, 
the mCP signal to detect would be 0( 1) photoelectrons 
(PE) from a single excitation or ionization as the mCPs 
pass through the scintillating material and interact elec- 
tromagnetically. Such a signal would be dominated by 
dark noise, typically at the level of 1 KHz [Mj, and in¬ 
deed this was one of the limiting factors in the sensitivity 
of the SLAC experiment. However, this difficulty can be 
overcome by using not one, but a series of back-to-back 
scintillator layers each looking for single-few PE signals 
coincident in time. The telescopic orientation of the de¬ 
tector combined with the directionality associated with 
a coincident signal in back-to-back layers could prove ex¬ 
tremely useful in mitigating environmental backgrounds. 
Ref. [IJ estimated that a telescopic-coincident configu¬ 
ration of three layers, each a lm x lm x 1.4m block, 
could reduce the dark noise backgrounds to a negligible 
level. Moreover, based on Ref. •H • the results in Fig. [2] 
and Fig. [3] assume a 10% probability to detect a sig¬ 
nal PE, and that the probability of detection is Poisson- 
distributed with a mean 

^“G^Tcr) 2 ' < 46 > 

The experimental proposal discussed above could be 
sensitive to a large subset of the parameter space of the 
mixed phase that still remains viable. For concreteness, 
we consider the case 9w' = although this argument 


M z - 3M m cp, 9w- 9w 



M mC p(GeV) 


M Z '= 9M m cp, 9w= @w 



FIG. 2: Existing direct constraints on the mCP of the DS. 
In the regime 100 MeV < M m cp < 200 GeV existing con¬ 
straints come from direct searches at colliders as well as the 
bound from the invisible width of the Z from LEP. In black 
(blue) we show the estimated sensitivity of the experiment at 
the LHC proposed in Ref. [T] for 300 fb -1 (3000 fb” 1 ). The 
dashed (solid) lines denote the 3<r sensitivity (2a exclusion). 
The top (bottom) panel shows the estimated sensitivity for 
the case M z > = 3M m cp (M z > = 9M m cp) and 9 w i = 6 W . 
Note that we omit indirect constraints from cosmology since 
these are of a more model-dependent nature. In particular, 
the extraction of N e s at the CMB disfavors masses between 
0.1 GeV < M m cp < 1 GeV, and the constraint from the 
anisotropies of the CMB disfavors the M m cp > 230 GeV 
regime. 


extends to the small 8w regime in general (be., a mostly 
Holdom-like mixed phase). Fig.[2]shows the existing con¬ 
straints on the M m cp and plane, for two different val¬ 
ues of the ratio M z , /M m cp. Also shown in Fig. [2] are the 
projections from the proposed experiment for mCPs at 
the LHC [1] . The production of mCPs we focus on in this 
paper is primarily through the Z' and is therefore sensi¬ 
tive to both e z (production of the Z') and (detection of 
the mCP). The production of the Z' is limited by the con¬ 
straints on e z from searches for its invisible decay, which 
are still applicable in the mixed phase. In particular, for 
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M z , < 8 GeV, the model we consider is subject to the 
strong constraints from B-factories, which set an upper 
bound of e z / cos 9yy < 10 -3 . This limit in turn implies 
k < 10 ~ 3 for 9w' = &w- The translation of this limit to 
a limit on e depends on the unknown dark charge e!. It 
in turn can be as large as e! « 9e without introducing 
a Landau pole in the running of the dark /3 function at 
dangerously low energies. If we require perturbation the¬ 
ory to be applicable we find the limit »4x 10" 3 for 
Ow’ = Ow for M z , < 8 GeV. Even such small e i could 
still be within the reach of the LHC mCP experiment 
proposal as shown by Fig. [2] Above the kinematic reach 
of B-factories, in the entire range M z , > 8 GeV and not 
too close to the Z-pole, the main constraint is the pre¬ 
cise measurement of M z , which only limits n to be less 
than 10 -2 . In this case, e can be as large as few x 10 —2 , 
which lies in a viable part of the parameter space of the 
DS mixed-phase and well within reach of the LHC mCP 
experimental proposal. 

Finally, we note that certain regimes of the mixed 
phase could remain challenging to probe by existing 
and planned experiments, as well as the proposal from 
Ref. pp. In particular, the limit of large 9w’ a 

mostly Okun-like theory) is challenging. For example, 
consider the case sin 2 0w> = 0.75. In that scenario, for 
M z , < 8 GeV B-factories results imply k < 10 -3 . Set¬ 
ting k to that value in turn means that the largest e 
that could be generated without encountering a Landau 
Pole at low energies would be ~ 1 x 1CV 3 , which may 
be too small even for the proposal from Ref. [Tj to be 
sensitive to. 


A. Unique Signatures of the Mixed Phase 


The mixed phase of a DS that kinetically mixes with 
the SM offers additional possibilities for future striking 
signals. Here we comment on two possibilities. First, 
for Z' produced in association with a jet, the Z' will be 
boosted accordingly to compensate for the jet’s trans¬ 
verse momentum. For sufficiently boosted Z' with en¬ 
ergy E near E ~ (2Mz> / 9 <j e t) — where 9^ et is the angu¬ 
lar opening of the detector proposed by Ref. [I] — both 
of the mCPs from the decay of the Z' could enter the 
detector. This leads to the intriguing possibility of two 
simultaneous coincident hits in different bars of the de¬ 
tector. Additionally, such a signal could be correlated 
with a jet produced in association with the Z' in the re¬ 
action pp —> Z' + j. The upper pane of Fig. [fi] shows 
the cross section times acceptance for the case where one 
demands one mCP giving one or more PEs in each of 
the back-to-back scintillating bars versus the case where 
both mCPs enter the detector and deposit such a sig¬ 
nal. While there is a considerable penalty in rate from 
requiring two mCPs entering the detector as opposed to 
one, the sensitivity does not degrade significantly as we 


M z - 3M m cp, 9w- 9w 



M Z '= 3M m cp, 6w’= 9w 



FIG. 3: We illustrate the new signature that opens up in the 
mixed phase. On top, we show the acceptance for one (as 
proposed in Ref. [2] for the massless phase) mCP entering 
the detector deployed nearby the LHC main detectors. For 
the mixed phase, the massive Z' can be produced in associ¬ 
ation with a jet with a smaller yet sufficient rate and accep¬ 
tance, illustrated by the line for two incoming mCPs. The 
bottom panel shows the expected sensitivity when requiring 
two mCPs enter the detector instead of one. 


show in the lower pane of Fig. [3j The strong sensitivity 
to the two-incident-mCP scenario is still possible because 
what sets the sensitivity floor to the one-mCP scenario 
is not the signal rate, but the detection probability of 
one PE (see (46 1 ), which decreases exponentially below 
=2x 10“ . The two-mCP possibility could be in¬ 
strumental should there arise an excess that is consistent 
with a charge as small as few-10 _ 3 e. Interestingly, if such 
a signal is detected, the transverse momentum of the as¬ 
sociated jet together with the opening angle of the mCP 
pair in the far-detector can be used to obtain a rough es¬ 
timate of the mass of the Z' through the relation above 
E ~ (2 M z ,/9 det ). 


The second possibility that is unique to the mixed 
phase arises in the case of large e'/s , and sufficiently 
light Z' and mCP. In this case, analogously to a QCD 
shower, the mCPs produced during the proton proton 
collisions could radiate Z 's which in turn decay back to 















mCPs, giving rise to a modest “milli-jet”. Indeed, such a 
scenario could produce not one, but several rnCPs enter¬ 
ing through the detector. Finally, if the DS contains an 
additional gauge group that is confining at sufficiently 
low scales, then the mesons and baryons of that group 
may be the mCPs and a real “milli-jet” may result. 


V. DISCUSSION AND CONCLUSIONS 


In this work we have largely ignored the issue of dark 
matter and have treated it mainly as a motivation to 
think of other sectors beyond the SM. But, it is only 
natural to wonder whether the model we discussed in 
this paper can yield a viable cosmological relic with suffi¬ 
cient abundance to explain the astronomical data. First, 
we note that particles in the DS that are charged un¬ 
der the DS photon cannot have a large cosmological 
abundance. This is so because these particles are also 
milli-clrarged under electromagnetism, see Eqs. (311, and 
the relic abundance of mCPs with charge of > 10 -3 as 
considered in this paper is strongly constrained to be 
fimcpl* 2 < 0.001 by the acoustic peaks in the cosmic mi¬ 
crowave background HUES]. To be sure, it is not diffi¬ 
cult to satisfy this constraint since the pair annihilation 
of mCPs into DS photons has a large cross-section 5 , but 
it does mean that such mCPs cannot be the dark matter. 


However, not all the particles in the DS have to be 
charged under the DS photon. For example, DS neutrino¬ 
like particles that are only charged under the Z' would 
not acquire a milli-cliarge under electromagnetism. In¬ 
stead their contact with the SM is only through the Z' 
and the Z vector bosons, see Eqs. (321 and (38), and is 
thus suppressed by ks w , ~ 10 -3 . This makes it easier to 
accommodate a larger relic abundance of DS neutrino¬ 
like particles (which we collectively refer to as WIMPs 
in what follows), but this possibility is not without its 
constraints, as we now briefly discuss. 


One possibility is the secluded regime of Ref. [1] where 
the WIMP mass is several hundred GeVs, and M z , ~ 
100 GeV. The correct relic abundance can then be ob¬ 
tained with g '2 /47t ~ 10 -2 through the WIMP’s pair 
annihilation into a pair of Z'. With ks , ~ 10~ 3 this 
easily evades all the collider bounds, but it can per¬ 
haps be discovered in future direct detection experi¬ 
ments with sensitivity to WIMP-nucleon cross-section of 
cr n ~ 10 -45 — 10 -46 cm 2 . 


Another possibility is of light WIMP with mass 
< GeV, but where the direct annihilation into a pair of 
Z' is kinematically forbidden. The strongest constraints 


on this scenario come from early universe energy injection 
during hydrogen recombination that distorts the cosmic 
microwave background |851I86| . These constraints, which 
grow at lower DM mass and are especially strong below 
10 GeV, exclude the possibility of a thermal freeze-out 
through off-shell Z' annihilation into SM charged parti¬ 
cles. However, if there is a strong particle - anti-particle 
asymmetry in the DS then this constraint may be avoided 
as discussed in Ref. m- 

The above examples illustrate that the cosmological 
dark matter may be connected to neutral particles of 
the model we considered in this work. But, given how 
uncertain the structure of the DS is, if it exists at all, 
we prefer not to speculate further on the issue beyond 
these representative examples. Ultimately the strength 
of the search described in this paper and Ref. I] is that 
it is independent of any assumptions regarding the relic 
abundance associated with the DS and instead directly 
probes the existence of mCPs. 

In the present paper we explored a general theory 
with mCPs that continuously interpolates between the 
Holdom phase and the Okun phase of theories with a 
vector boson that kinetically mixes with the SM hyper¬ 
charge. The main phenomenological signatures of this 
model are the appearance of mCPs as well as a massive 
vector boson, the Z’, that couples to the electromagnetic 
current but predominantly decays into mCPs. The model 
is only weakly constrained when the mass scale associ¬ 
ated with these new particles is above about 100 MeV. 
We explored the sensitivity of a recently proposed dedi¬ 
cated experiment at the LHC [I] to this model in general 
(Fig.pJ, and to the resonant production of mCPs through 
the Z /in particular (Fig. [ 3 ]). 
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5 The non-relativistic cross-section is crv = 7r(a/ ) 2 / M mCP’ which 
would keep the mCPs in thermal equilibrium with the DS pho¬ 
ton bath and deplete the mCP relic abundance to the level of 


rWp/i 2 f* Hr 5 (M mCP / GeV) 2 (l0” 2 /a') 2 . 
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